We model the primary crater production of small (D < 100 m) primary craters on Mars and the Moon using the observed annual flux of terrestrial fireballs. From the size-frequency distribution (SFD) of meteor diameters, with appropriate velocity distributions for Mars and the Moon, we are able to reproduce martian and lunar crater-count chronometry systems (isochrons) in both slope and magnitude. We include an atmospheric model for Mars that accounts for the deceleration, ablation, and fragmentation of meteors. We find that the details of the atmosphere or the fragmentation of the meteors do not strongly influence our results. The downturn in the crater SFD from atmospheric filtering is predicted to occur at D $ 10-20 cm, well below the downturn observed in the distribution of fresh craters detected by the Mars Global Surveyor (MGS) Mars Orbiter Camera (MOC) or the Mars Reconnaissance Orbiter (MRO) Context Camera (CTX). Crater counts are conducted on the ejecta blanket of Zunil crater and the interior of Pangboche crater on Mars and North Ray and Cone craters on the Moon. Our model isochrons produce a similar slope and age estimate for the formation of Zunil crater as the Hartmann production function ($1 Ma). We derive an age of 35.1 Ma for Pangboche when accounting for the higher elevation (>20 km higher than Zunil), a factor $2 younger than estimated using the Hartmann production function which assumes 6 mbar surface pressure. We estimate ages of 52.3 Ma and 23.9 Ma for North Ray and Cone crater respectively, consistent with cosmic ray exposure ages from Apollo samples. Our results indicate that the average cratering rate has been constant on these bodies over these time periods. Since our Monte Carlo simulations demonstrate that the existing crater chronology systems can be applied to date young surfaces using small craters on the Moon and Mars, we conclude that the signal from secondary craters in the isochrons must be relatively small at these locations, as our Monte Carlo model only generates primary craters.
Introduction
The accumulation of craters on a planetary surface can be used to determine relative ages of areas of geologic interest. Assigning absolute ages is done with modeled impact crater isochrons, a technique that has been developed over several decades (e.g. Hartmann, 1966 Hartmann, , 1999 Hartmann, , 2005 Neukum and Wise, 1976; Neukum and Ivanov, 1994; Hartmann and Neukum, 2001 ). For crater ages on Mars, isochrons are derived from the size-frequency distribution (SFD) of craters observed on the lunar maria for which we have dated Apollo samples (Wilhelms, 1987) , scaled to account for the ratio of meteoroids at the top of the martian atmosphere relative to the Moon's and the differences in gravity and average impact velocity of intersecting orbits. The resulting isochrons yield an expected crater SFD for a given age surface and provide a means of understanding the absolute timescale of major geological and geophysical processes.
The SFD is typically described as a power-law with slope n. Deviations from the power-law occur through various processes which, in general, preferentially alter the smaller diameter crater population, making small craters more challenging to use for age-dating surfaces. Because of the frequency at which small craters form however, they provide the ability to discriminate surface ages of geologically young regions and features at a higher spatial resolution where only small craters are available for dating. This level of resolution is required to establish the temporal relation of recent geologic activity on Mars such as gully and landslide formation, volcanic resurfacing, sedimentation, exhumation, dune activity, glaciation and other periglacial landforms, and the possible relation of such features to obliquity cycles of $10 timescale (e.g. Basilevsky et al., 2009; Burr et al., 2002; Hartmann and Berman, 2000; Kadish et al., 2008; Lanagan et al., 2001; Malin and Edgett, 2000a , 2000b Mangold, 2003; Marquez et al., 2004; Quantin et al., 2007; Reiss et al., 2004; Shean et al., 2006; Schon et al., 2009 ). The Mars Obiter Camera (MOC) aboard the Mars Global Surveyor (MGS), with $1.5 m resolution/pixel (Malin et al., 1992) , identified 19 fresh craters over a $6.8 yr period (Malin et al., 2006) . Data from the High Resolution Imaging Science Experiment (HiRISE) aboard the Mars Reconnaissance Orbiter (MRO) is currently providing image data with up to 25 cm pix À1 resolution (McEwen et al., 2007a) , and has imaged and confirmed >200 small (<50 m diameter) fresh impact craters having formed within the last few decades following their discovery by the Context (CTX) camera (Malin et al., 2007) on the same spacecraft (Byrne et al., 2009; Daubar et al., 2010 Daubar et al., , 2011 Daubar and McEwen, 2009; Dundas and Byrne, 2010; Ivanov et al., 2008 Ivanov et al., , 2009 Ivanov et al., , 2010 Kennedy and Malin, 2009; McEwen et al., 2007b McEwen et al., , 2007c . This offers an opportunity to study the production of small meter-scale craters on the surface of Mars in greater detail and refine isochron models for dating young surfaces on Mars.
In this paper, we model crater populations using a Monte Carlo simulation to explore the primary crater production function at small diameters and the potential influence of present-day atmospheric filtering. We explore ablation, deceleration, and fragmentation of projectiles as they traverse the martian atmosphere. With this approach, we generate impact-crater isochrons and compare our results with the 44 fresh craters reported by Daubar et al. (2013) that have been well constrained by CTX before-and afterimages and the current impact-crater isochron models for Mars (Hartmann, 2005) and the Moon ).
Model

Meteoroids traversing the martian atmosphere
Crater populations are modeled assuming a power law distribution of projectiles at the top of the atmosphere and account for possible fragmentation and the dependence of mass and velocity on deceleration and ablation in the atmosphere. The size distribution of projectiles at the top of Mars' atmosphere is adapted from the power-law fit to satellite observations of the annual flux of near-Earth objects colliding with the Earth for objects with diameters <200 m (Brown et al., 2002) : log (N) = a o À b o log (E), where N is the cumulative number of bolides colliding with the Earth per year with energies of E and greater (in ktons), a o = 0.5677 ± 0.015, and b o = 0.90 ± 0.03. The kinetic energy of an object entering the atmosphere is lost to deceleration and ablation. The decelerating force due to aerodynamic drag is (e.g., Baldwin and Sheaffer, 1971; Chyba et al., 1993; Melosh, 1989) dv dt ¼
where q a is the local density of the atmosphere. The parameters A, v, and m, are the cross-sectional area, the velocity, and the mass of the object respectively, g is the local gravitational acceleration at altitude z, and h is the angle of the trajectory measured from the local horizontal
Eq. (2) assumes a flat surface geometry and precludes the possibility of projectiles skipping out of the atmosphere. The drag coefficient, C D , is $1 for a spherical body in the continuum flow regime (Podolak et al., 1988) . Heating of the projectile's surface during entry is efficiently shed by ablation
where C H is the heat transfer coefficient and f is the heat of ablation (Bronshten, 1983) . The coefficients in Eqs. (2) and (3) are related by
To assess the conditions in which deceleration and ablation become substantial, we employ a heuristic model. Taking the gravity term to be negligible in Eq. (1) for the moment, and the approximation of an exponential density scale height for the atmosphere (q a = q o exp(Àz/H), where z is the altitude, H is the scale height, and q o is the atmospheric density at the surface), the final mass of the meteor, m f , can be related to the initial velocity, v i , and final velocity, v f , by
where m i is the initial mass of the object at entry (Ceplecha et al., 1998) .
Combining the above equations and solving (e.g., Davis, 1993) , the dependence of mass and velocity on deceleration and ablation can be seen (Fig. 1) . Smaller, faster objects are more readily filtered out by the atmosphere. The condition for significant deceleration can be estimated to occur when the meteoroid mass is equivalent to the column of atmospheric mass it encounters, m i $ q o HA. Similarly, we can estimate the condition for substantial ablation, which is more efficient at higher velocities as the ablative energy is proportional to the product of the drag force and the traversed , is equivalent to the energy required to traverse the atmosphere to the surface at a given velocity, q o HA Á v 2 , neglecting deceleration.
Using these criteria, we can classify the projectiles based on velocity and mass (Fig. 2) Fig. 2a . Our taxonomic boundaries are derived from our numeric modeling for a range of initial projectile masses and entry velocities (Fig. 2) .
Monte Carlo simulation
We generated model crater populations using a Monte Carlo simulation employing the power-law distribution of observed meteoroid energies entering the top of the terrestrial atmosphere (Brown et al., 2002) . These energies are converted to diameters and velocities assuming the normalized distribution of Earth encounter velocities for small impactor sizes from Marchi et al. (2009) and densities of the meteoroid materials observed from fireball networks (Ceplecha et al., 1998) . The Moon/Earth impact flux ratio is taken to be 0.725 (Ivanov, 2006) to account for the gravitational capture cross sectional areas. The latest isochron model iteration of Hartmann (2005) assumes a scaling factor 2.6 for the nominal ratio of meteoroids at the top of Mars' atmosphere relative to the Moon and thus we assume a Mars/Earth ratio of 1.885. It should be noted that the factor 2.6 adopted by Hartmann is not well constrained and represents the largest uncertainty in the Hartmann isochrons. The distribution of entry velocities at Mars is taken to be (Bland and Smith, 2000; Davis, 1993; Flynn and McKay, 1990; Popova et al., 2003) :
where v i P 5 km s À1 (the escape velocity of Mars) with a mean velocity of 10.2 km s
À1
. Following Love and Brownlee (1991) , the probability distribution of entry angles is taken to be sin(2h), which has a maximum at 45°and drops to zero at 0°and 90°. The 5 meteoroid material types from Ceplecha et al. (1998) differ in their ability to penetrate the atmosphere, with the average ablation coefficient, r, and bulk density, q m , for each group listed in Table 1 . We assume these average r values; however, r will vary with altitude and velocity. Model results for Ordinary Chondrites are shown in Fig. 3 for a single initial entry angle of 45°, demonstrating a good match with the results shown in Fig. 1 .
The resulting crater volumes from the projectiles impacting the surface can be described by a scaling law that relates impact velocity and projectile and target characteristics (see Melosh (1989) for a review). In converting the crater SFD derived from the lunar surface to Mars, Hartmann (2005) assumes crater diameters, D, scale with impact energy as E 0.43 and with gravity as g À0.17 to account for differences in mean impact velocity and gravitational acceleration between the two bodies. For small projectiles, the depth of excavation by an impact is small enough that lithostatic stresses are small relative to the characteristic yield stress of the regolith. In such cases the resulting transient crater diameter is determined by the yield strength, Y, of the target material (''strength scaling''), and no longer scales with gravity. The transition from strength scaling to gravity scaling occurs when Y $ q t gR p where R p , the projectile radius, is taken to be the characteristic depth and q t is the target density (Holsapple, 1993) . For a regolith of density 2000 kg m À3 and yield strength of 0.1-1 MPa, the transition between strength and gravity dominated regimes occurs at D $ 27-270 m on Mars. This implies that the 1-10 m scale fresh craters discovered by spacecraft over the last decade (Malin et al., 2006; Daubar et al., 2013) are predominately in the strength scaling regime. Strength scaling results in a reduction in crater volume relative to gravity scaled craters. As a consequence, the distribution of crater diameters would be expected to be shallower than that , and for a 6 mbar martian atmosphere, small Ordinary Chondrite projectiles have diameters <10 cm.
Table 1
Distribution of material types based on fireball network observations (Ceplecha et al., 1998 predicted by the isochrons of Hartmann (2005) at the smallest sizes, which assume all crater diameters scale with gravity.
The cratering efficiency, p v = q t V/m f , where q t is the target density and V is the transient crater volume, is proportional to (Holsapple, 1993) :
assuming impactor and target densities are the same, where l is an empirical constant related to the target porosity ranging from 0.41 for relatively dissipative materials such as dry soils to 0.55 for rocks and wet soils. The parameters p 2 and p 3 are dimensionless numbers describing the cratering efficiency for gravity scaling and strength scaling, respectively, where p 2 ¼ gR p =v 2 f , the ratio of the lithostatic pressure at a depth equivalent to the projectile radius and the initial dynamic pressure generated by the impact, and p 3 ¼ Y=q t v 2 f , the ratio of effective target yield strength to the initial dynamic pressure (Holsapple, 1993) . The vertical component of the final velocity, v f sin h is used for non-vertical impacts. For smaller projectiles, the p 2 term becomes negligible and p v becomes constant with impactor size, depending only on velocity and the material strength of the target. At large impactor sizes, p 2 dominates and the cratering efficiency is then dependent not only on velocity, but impactor size. The expression for transient crater volume is (Holsapple, 1993) :
where K 1 and K 2 like l and Y, are experimentally derived properties of the target material. The radius of the excavated crater is
t , where K r = 1.1 for dry soils and soft rock materials and the final rim-to-rim diameter is taken to be 1.3 times the transient crater diameter (Holsapple, 1993) . Note that the target material parameters in Table 1 of Holsapple (1993) have been updated (personal communication K. Holsapple) and published online: http://keith.aa.washington.edu/craterdata/scaling/theory.pdf. The values used in this study are summarized in Table 2: we adopt values for Mars consistent with dry desert alluvium with properties of ''dry soils'' (Table 2) with Y = 65 kPa and q t = 2000 kg m À3 to account for alluvium rich in mafic minerals (Holsapple, 1993; Holsapple and Housen, 2007) .
A minimum impact velocity threshold of 0.5 km s À1 is selected for the formation of explosive impact crater formation as projectiles with lower speeds are unlikely to generate a shock wave of sufficient magnitude to crush the target material and excavate an explosive crater (Popova et al., 2003) . The definition of this velocity is not sharply defined and will depend on target material properties. Pressure wave velocities in competent basalt are typically $4.5 to 6.5 km s
À1
, with values an order-of-magnitude lower for loose, unconsolidated soils. Apollo seismic investigations found velocities to be $0.1 to 0.3 km s À1 in the upper 100 m of the lunar regolith Watkins and Kovach, 1973) .
The initial altitude of the modeled projectiles is 100 km. The gas density at this altitude is reduced by four orders-of-magnitude relative to the atmospheric density at the planet's surface, and thus deceleration (Eq. (1)) is reduced by four orders-of-magnitude relative to when the meteoroid is near the surface and is therefore initially negligible. This altitude also represents the approximate transition between the free molecular flow regime and the continuum regime (i.e. Knudsen number $ 0.1, depending on the object size, for a mean free path of $1 cm).
Aerodynamic breakup
The fragmentation of meteoroids during their flight through the atmosphere likely influences the resulting SFD of smaller diameter craters, as more than half (56%) of the >200 fresh craters observed by HiRISE are comprised of clusters of individual craters (Daubar et al., 2013) . Numerous additional examples of crater clusters have been observed on the surface of Mars (Popova et al., 2007) , implying that the fragmentation of meteoroids that penetrate deep into the atmosphere is a common phenomenon on Mars. The aerodynamic breakup of a projectile is expected when the dynamic pressure experienced during entry, q a v 2 , exceeds the bulk strength, r m , of the projectile. Bolides entering the terrestrial atmosphere display a wide range of strengths inferred from the broad range of observed breakup event altitudes with bulk strengths shown to be $0.1 to 10 MPa (Ceplecha et al., 1998; Popova et al., 2011) . The estimated bulk strengths are low compared to the tensile strength of recovered samples (typically 1-10%), implying fractures and other zones of weakness within the bodies determine bulk strength rather than material composition (Popova et al., 2011) . Dynamic pressures experienced by projectiles entering the martian atmosphere will commonly exceed 1 MPa and therefore fragmentation should be expected, albeit at a lower altitude than observed in the terrestrial atmosphere. Larger, faster objects experience greater dynamic pressure during flight (Fig. 4) . Though there is no explicit size dependence on dynamic pressure, smaller objects begin to ablate and decelerate higher in the atmosphere, and therefore experience smaller peak loading at higher altitudes than larger objects. This implies a size dependence on fragmentation from entry dynamics alone. Further, it is anticipated that larger objects are inherently weaker as they likely contain a greater number of defects, and a power law relation based on statistical strength theory (Weibull, 1951) between bulk strength and sample mass is typically assumed in models (e.g. Artmieva and Shuvalov, 2001; Popova et al., 2003; Svetsov et al., 1995) . However, recent analysis of meteorite fall observations in the terrestrial atmosphere suggests that, at least for stony objects, the relation between bulk strength and sample mass may be weaker (Popova et al., 2011) . A possible size dependence on fragmentation was reported by Ivanov et al. (2010) based on a preliminary analysis of $70 fresh craters, and is also exhibited by the 44 fresh craters observed by Daubar et al. (2013) , 25 of which consist of two or more craters (57%). This percentage increases for craters with D > 5 m to 73% and decreases to 41% for craters with D < 5 m.
Results
Fragmentation
The effects of fragmentation on the crater SFD is explored with the model. We include aerodynamic break up of meteoroids in the simulation allowing fragmentation to occur when the dynamic pressure exceeds a threshold bulk strength, r m = q a v 2 (Fig. 5) . Fragmentation is assumed to occur as a single event; however, multiple fragmentation events at different points in a meteoroid's trajectory are sometimes observed during the flight of terrestrial fireballs. Catastrophic fragmentation (a point source type explosion with thousands of fragments) also occasionally occurs. We constrain the number of fragments to 2-100 and each fragment is followed individually to the termination of its flight in order to assess how fragmentation alters the resulting SFD. The maximum allowable number of fragments was selected because most observed clusters contain <100 craters (Daubar et al., 2010; Ivanov et al., 2010) and this value was found to be adequately large to characterize how fragmentation affected the resulting crater SFDs while remaining computationally feasible. The number of fragments generated is assumed to follow a power-law probability: we adopt a powerlaw slope of À1.5 for our nominal model and adjust this value to explore the sensitivity of our results on this exponent. Decreasing the power-law slope results in a more uniform distribution of fragment numbers (i.e. greater probability of getting events with a high number of fragments), while increasing the slope produces a distribution favoring events with fewer numbers of fragments. A cascade of fragment sizes is then generated by iteratively subtracting random mass fractions from the initial mass which typically Fig. 4 . Profiles of (a) the percent of initial velocity, (b) the percent of initial diameter, and (c) the dynamic pressure for six Ordinary Chondrites in the martian atmosphere as a function of altitude with entry angles 45°. (d) Assumed atmospheric density with altitude. Note that while the faster projectiles decelerate to a greater relative extent, they experience larger dynamic pressure upon entry. Ablation is more sensitive to velocity; however, deceleration is more sensitive to projectile size, and therefore smaller objects tend to experience lower dynamic pressures. results in a small number of larger fragments and many smaller fragments. We additionally explore selecting mass fractions with a uniform random distribution of fragment sizes.
The model is run with 10 6 initial projectiles with a minimum allowable projectile diameter of 2 cm. A significant number of these events do not survive, but this minimum value was found to resolve the atmospheric downturn in the resulting crater SFD allowing the smallest permissible craters to form. The same bulk strength is selected for all the projectiles for simplicity (though there may be a weak correlation with strength and meteor type and size) and adjusted until the ratio of crater clusters to total impacts for D > 5 m is similar to the 73% observed for the 44 craters reported by Daubar et al. (2013) . We find that a bulk strength of r m = 0.65 MPa best reproduces the observations, as shown in 
, which represents the diameter of an equivalent crater due to a non-fragmented meteoroid (Malin et al., 2006; Ivanov et al., 2008) . There is a downturn in the SFD of the craters observed by Daubar et al. (2013) at D $ 4-5 m. However, the model craters continue to increase in number at smaller diameter bins down to the D = 0.24 m bin in Fig. 6 . The majority of craters have small diameters < 1 m, and the fraction of clusters in each bin becomes negligible, with the total fraction of all clusters comprising only 4% of the total model crater population. This implies that the atmospheric downturn has not been observed in the fresh craters, and that a significant number of craters with D < 4-5 m have not been identified. The discovery of fresh craters relies on the detection of dark spots in CTX images in dusty regions. A swarm of fragments will disturb a larger surface area creating, in general, larger dark spots. The predominance of single craters at D < 5 m indicates that detection will be more challenging as dark spots become inherently smaller relative to D at these sizes, partly explaining the downturn in the observed SFD at 4-5 m.
One might conclude that fragmentation, being only 4% of the events, may not be an important process in shaping the SFD. However, crater clusters begin to dominate the SFD at the very diameters that can be reliably detected by CTX, and therefore the effects on absolute ages derived from crater production functions are considered. Comparing the SFD of the model craters with craters produced by the same projectiles with fragmentation suppressed (Fig. 7) , a difference in age of 7% is obtained when fitting the Hartmann (2005) production function for D > 4 m. The influence of fragmentation on the crater SFD can be increased by taking the probability of the number of fragments generated when r m is exceeded as random and uniform, instead of following the À1.5 slope power law, and a uniform distribution of fragment masses. In this case we obtain a factor $0.69 difference in age relative to the age derived if no fragmentation is allowed to occur (Fig. 7b) . This represents the model with fragmentation having the largest influence on the SFD that we consider.
The change in the crater SFD with fragmentation can be attributed to the mass dependence on ablation and deceleration as well as corresponding changes in crater scaling, which is not accounted for when calculating effective crater diameters, D eff . Individual fragments experience greater deceleration and ablation per unit volume than the larger parent meteoroid. If enough of the total mass is shifted into a high deceleration/ablation regime when the parent object is broken into individual fragments, D eff may no longer be representative of the crater generated by an equivalent unfragmented meteoroid. If the ratio of D eff to the actual D resulting from the unfragmented projectile is (1, then D eff is a poor representation of the equivalent unfragmented crater. In general, D eff / D < 1 when D eff [ 10 m for the nominal fragmentation case, with the potential reliability of D eff decreasing with size (Fig. 8) Most fragmentation occurs $2-3 scale heights above the surface with few fragmentation events occurring at lower altitudes. See Fig. 3 for the range of meteor sizes and velocities. values slightly greater than 1, predominately at D eff J 10 m, due to the dependence of impactor size on gravity scaling where crater efficiency decreases with increasing impactor size. Consequently, in some cases the crater efficiency can be larger for the fragments than for the parent projectile.
Impact-crater isochrons
The technique of dating the martian surface using predicted crater SFDs for well-preserved surfaces using impact-crater isochrons has been developed over several decades going back to the early lunar exploration of the 1960s (e.g. Hartmann, 1966 Hartmann, , 1999 Hartmann, , 2005 Neukum and Wise, 1976; Neukum and Ivanov, 1994; Hartmann and Neukum, 2001 ). Radiometric and exposure ages from Apollo and Luna samples, correlated with crater populations, have anchored the lunar cratering chronology. Scaling lunar isochrons for Mars to account for the ratio of meteoroids at the top of the martian atmosphere relative to the Moon and the difference in gravity and average impact velocity provides a means of understanding the absolute timescale of major geological and geophysical processes on Mars with order of magnitude accuracy. The Monte Carlo model is used to generate isochrons for Mars and the Moon with the ability to customize our isochrons. For example, we can develop an isochron for a specific elevation in the martian atmosphere or assumed target material properties.
An inflection at D $ 1.5 km separates the isochrons into two branches with different power-law exponents. This inflection, initially observed in lunar craters, divides the crater distribution into a shallow branch with a slope of À1.80 and a steep branch of À3.82 on a log-differential plot. The range of energies used from Brown et al. (2002) restricts our isochrons to the steep branch of the SFD (i.e., D < 1.5 km). In his latest iteration of Mars isochrons, Hartmann (2005) included an atmospheric model (Popova et al., 2003) to encapsulate the effects of atmospheric entry of meteors resulting in curvature in the isochrons in the steep branch at sub-km crater diameters.
During impact, ejecta traveling large distances from a crater are capable of generating isolated secondary craters that could potentially be mistaken for primary craters. What fraction of observed crater populations are primary versus secondary, and the consequence of unidentified secondary craters in dating surfaces, is a matter of debate. McEwen et al. (2005) , and McEwen and Bierhaus (2006) , argue that small crater populations are dominated by secondary craters, rendering smaller craters unreliable for dating. However, Hartmann (2005 Hartmann ( , 2007 points out that in formulating isochrons, no attempt is made to exclude all secondaries and contends that the accumulation of secondary craters are not ''contamination'' but rather part of the signal. A population of primary plus secondary craters will have a steeper SFD power law slope than a population devoid of secondary craters, and McEwen et al. (2005) has proposed that the increase in slope of the steep branch of crater SFDs is the result of secondaries.
Our approach of using the observed projectile production function at the top of the terrestrial atmosphere provides an opportunity to independently test the veracity of existing lunar and martian isochrons and explore how different factors can cause deviations in crater SFDs relative to these isochron models. We can also constrain the potential influence of secondary craters in these isochron models, as our Monte Carlo model only produces primary crater populations. If secondary craters are a substantial fraction of crater populations, then our model crater SFD should deviate in both slope and age from the isochrons. Additionally, since we use the present-day flux of projectiles, any significant deviation in age estimates can be attributed to a variation in average impact rate over time.
We test our model against crater counts conducted on the proximal ejecta of the crater Zunil (7.8°N, 166.1°E) and the impact melt deposit on the floor of Pangboche crater (17.2°N, 226.7°E). The crater Zunil is selected because it is likely the last D = 10 km scale crater to form on Mars (McEwen et al., 2005; Hartmann et al., 2010) with an estimated age of $1 Ma based on the isochrons of Hartmann (2005) , so the distribution of small craters on its ejecta are likely to be predominately primary. Pangboche is selected because it is also a young crater, but likely an order-of-magnitude older than Zunil crater. Pangboche lies near the summit of Olympus Mons at an elevation of 20.8 km with a diameter of 10.8 km (comparable in size to Zunil). However, Pangboche lies at an elevation over two scale heights higher than Zunil with an atmospheric surface density an order-of magnitude lower. Pangboche has characteristics similar to younger lunar craters (Tornabene et al., 2012) , including impact melt deposits on the crater floor, which have been attributed to the thinner atmosphere and lack of volatiles in the basaltic target (Osinski et al., 2011) .
Crater counts were conducted on a $5 km 2 area north of the crater rim of Zunil and a 670 m 2 area within the interior of Pangboche (Fig. 9) . We then generate two model isochrons, one assuming a surface elevation of À2.8 km and one with an elevation of 20.8 km, the respective elevations of Zunil and Pangboche (Fig. 9c) . With this approach, we can tailor isochron models to a location with a specific elevation or target property. The Zunil isochron model provides an age of 1.19 ± 0.088 Ma, similar to the $1 Ma age estimated by Hartmann et al. (2010) . If we assume craters within a 40 m proximity are part of a single cluster and convert them into effective diameters, then the SFD yields and age of 1:00 þ85 À84 Ma, a difference of 12.5%. The 40 m proximity criterion is somewhat ad hoc but results in a $30% fragmentation rate. The fresh CTX craters display a fragmentation rate of 41% for D < 5 m and our model shows that rate of fragmentation decreases with D. Most of the observed craters on the Zunil ejecta are small with D < 5 m and therefore a proximity criterion with a 30% fragmentation rate for the range of D in our counts is likely reasonable for the purpose of comparison between using effective diameters and treating all craters as single events. Clusters are only identifiable when the densities of craters are low and clusters are spatially isolated. Once they start to form in close proximity to one another, the identification of individual clusters becomes more difficult and a simple proximity criterion should be used with caution. However, as our example demonstrates, treating all craters as single events will yield an older age.
The influence of the atmosphere on meter-scale craters can be seen by comparing the isochrons for Zunil and Pangboche, which diverge at D [ 10 m (Fig. 9c) , with the Zunil isochron having more downward curvature due to impactors having to penetrate deeper into the atmosphere to reach the surface. The curvature of the Hartmann isochron (which assumes a 6 mbar pressure atmosphere) closely resembles our Zunil-specific isochron, with both yielding similar age estimates for Pangboche: 63.3 ± 13 Ma using the Hartmann isochron and 70.4 ± 14 Ma using the Zunil isochron (Fig. 9e) . However, our Pangboche-specific isochron, which accounts for the crater's higher elevation, yields an age estimate of 35.1 ± 6.9 Ma. Hence, at the summit of Olympus Mons, failure to account for the effects of altitude upon small crater production will result in an over estimation of surface age by a factor of $2.
We also compare our isochrons with the 19 fresh MOC (Malin et al., 2006) and 44 fresh CTX-CTX detected craters (Daubar et al., 2013) . The crater SFDs are scaled to an equivalent time/area for comparison (Fig. 10) . The fresh craters fall below the isochron as noted by Daubar et al. (2013) . The largest CTX crater, D = 33.8 m, is consistent with a single D $ 30 m crater predicted to form annually for the scaled observation area. However, smaller diameter bins are inexplicably under-populated relative to that predicted by the isochron models, resulting in a shallower power law slope. Note that the atmospheric downturn is expected to occur at much smaller diameters (sub-meter), and fragmentation will not substantially deplete the SFD at these smaller sizes (Fig. 6b) . A lack of a contribution from secondaries to the isochrons also cannot explain the discrepancy, as our model generates a primary-only SFD.
Fresh craters discovered using MOC also have an apparent deficit of craters at all bin diameters. The MOC camera, with a lower resolution, did not detect any craters below D $ 10 m and detected fewer craters in all bin sizes that overlap with the CTX craters. All bin sizes (except for the largest CTX crater) fall below the isochrons, and this discrepancy is greater in the lower resolution dataset. This indicates that observational bias may be the best explanation for the difference between the isochrons and the observed SFDs. Since larger craters are more likely to create detectable dark spots on the surface, the observation of larger diameter craters in the future by CTX/HiRISE, given a longer observational baseline, has the potential to resolve whether this discrepancy is real or not. If the SFD start to overlap with the model isochrons at the larger diameter bins, then an observational bias at smaller crater diameters would be implied. This would then suggest that fresh craters were undercounted by MOC at all diameters observed. If however the shallower slope persists, this might indicate that differences exist between the present-day population of observed objects colliding with the Earth and Mars. A single value for the Mars/Moon impactor ratio is assumed by Hartmann (2005) ; however it is possible that this ratio actually has a diameter dependence (Shane Byrne, personal communication). If so, the fact that we are able to reproduce the slope of the SFD of craters on the ejecta of Zunil then would be coincidental and would imply a population of secondary craters are compensating for a different primary SFD.
Lunar crater counts
As an additional test, we compare results from the model with crater counts of small craters on the Moon (Fig. 11) . The ejecta of North Ray and Cone craters were selected for their relatively young age, which has been constrained by cosmic ray exposure ages of samples from Apollo 16 (50.3 ± 0.8 Ma) and Apollo 14 (25.1 ± 1.2 Ma) respectively (Arvidson et al., 1975; Stöffler and Ryder, 2001 ). Our small (0.1 km 2 ) study areas only contain craters D 6 22 m. Applying the cratering chronology of Neukum et al. (2001), ages of 58.9 ± 11 Ma (North Ray) and 27.9 ± 9.2 Ma (Cone) Fig. 10 . The cumulative SFD for the fresh craters from CTX-CTX detections (Daubar et al., 2013) , and MOC observations (Malin et al., 2006) , binned in ffiffiffi 2 p diameter bins, and the isochron model of Hartmann (2005) and isochrons derived from our model for surface elevations of À2.8 km (Zunil) and 20.8 km (Pangboche), scaled to the same time/area. are derived from the resulting cumulative SFDs. Counts by Hiesinger et al. (2012) yield a similar age for North Ray crater using a larger, but overlapping area.
We generated isochrons for small craters on the Moon using our same general approach for Mars, but without an atmosphere. The distribution of encounter velocities of Marchi et al. (2009) is assumed, as are crater scaling parameters appropriate for the lunar regolith (Table 1 ). The isochron from the resulting SFD of the Monte Carol model results in ages of 52.3 ± 3.9 Ma for North Ray crater and 23.9 ± 2.8 Ma for Cone crater (Fig. 11) . Moore et al. (1980) measured power-law slopes of À2.8 and À2.7 at North Ray and Cone craters (respectively) from SFDs of small, 5-50 m diameter craters. However, the steep branch of the lunar crater SFD estimated by Hartmann and Gaskell (1997) is À3.82 based on an average of four sets of crater data measured in the lunar maria. McEwen and Bierhaus (2006) argue that this discrepancy is evidence of the existence of secondary craters in the lunar crater counts used to determine the steep branch. However, this À3.82 slope for the steep branch was only measured down to D $ 250 m, since craters saturate at smaller sizes in the lunar maria. By including counts on young lunar surfaces and asteroids, Neukum et al. (2001) defines an isochron that extends down to D = 10 m. Neukum et al.'s isochron deviates from the À3.82 slope for D < 250 m and has a slope of À3.0 for D = 10-23 m, which is the diameter range we fit to our counts in Fig. 11 . Our model isochron has a similar slope, À3.1, over the same diameter range. The slope of our counts derived from a maximum-likelihood estimation is À2.8 and À2.9 for North Ray and Cone, respectively, consistent with Moore et al. (1980) . This demonstrates the usefulness of our approach, as we are able to reproduce $25 and $50 Ma surface ages on the Moon using two limited areas containing only small craters. If craters in these areas were predominately secondary craters at these diameters, then our Monte Carlo models should have predicted much younger surface ages and a shallower slopes. In other words, we would need to run our models longer to match the populations of craters comprised of primaries and secondaries. A similar approach was taken by Ivanov (2006) to demonstrate that small craters on the Moon must be predominately primaries on young surfaces (6100 Ma), consistent with our model. Our ability to reproduce isochron ages using a small area with a limited range of diameters imply that small craters can provide useful information about surface ages <50 Ma in age, and also indicates that the cratering rate has on average been relatively constant over this period (Ivanov, 2006) . A lower impact rate in the past coupled with a secondary contribution could in principle produce a similar age, but would be expected to result in a different power-law exponent. That our counts and model isochrons have similar slopes implies this is not the case. Neukum and Ivanov (1994) showed that the crater SFDs in the diameter range 20 m to 1 km on the Moon spanning 0.1-3 Ga coincide and can be normalized to a single function, indicating that there is no significant variation with time in the crater SFD. The impact rate on Mars is complicated by variations in orbital eccentricity and its closer proximity to the asteroid belt and likely has not been constant in time. How secondary craters alter the SFD and whether such small craters can be reliably used for age dating surfaces in all cases is beyond the scope of this work, but our Monte Carlo approach does independently confirm that crater-count chronometry systems can accurately date the youngest surfaces on the Moon and, making assumptions regarding the Mars/Moon impact ratio, Mars.
Sensitivity analysis
The sensitivity of our results to changes in model parameters is evaluated (Table 3) . Our nominal case overlaps with the Hartmann (Fig. 12 ). This slope difference could be the result of greater atmospheric influence on the meteoroids at smaller sizes than predicted by the atmospheric model of Popova et al. (2003) that is incorporated into the isochron, or could be due to Hartmann (2005) assuming gravity scaling only which would also result in less downturn in the isochron as crater scaling transitions into the strength regime (Section 2.2).
The mass of the atmospheric column that a meteoroid must traverse will depend on the location of the event, as the elevation of the surface can vary substantially. The highest elevation, the summit of Olympus Mons, is $21 km above the global average datum, while at the other extreme, the interior of Hellas Basin, is $8 km below. This represents a range of over 2.5 atmospheric scale heights. One of the most striking characteristics of martian topography is that its distribution is bimodal due to the north-south dichotomy in crust thickness (Smith et al., 1999) . The more heavily cratered highlands in the southern hemisphere have an average elevation of $1.5 km while the distribution of lowland elevations narrowly peak $5.5 km lower than the highlands (Aharonson et al., 2001) . This translates to an increase in average atmospheric density at the surface by a factor 1.6 between the southern highlands, q o = 0.0135 kg m À3 , and the northern lowlands, q o = 0.0222 kg m À3 . Taking the same model projectiles and generating craters for the two average elevations of the highlands and lowlands, two crater SFDs are generated for comparison (Fig. 12b) . Craters D P 20 m result in ages 1.30 yr and 1.07 yr respectively, bracketing the nominal model results. This is a change of +15.0% and À5.3%. Fitting the smaller diameters, D = 4-20 m, results in ages 1.02 yr and 0.722 yr, a change of 32.6% and À6.1%. The greater sensitivity at the small crater diameters is to be expected as smaller projectiles are more sensitive to atmospheric conditions. Increasing and decreasing the ablation coefficients, r, has a similar effect as changing the atmospheric surface density, as an increase in the rate of mass loss results in smaller objects which in turn results in greater deceleration. Models for the same projectiles with ablation coefficients half the nominal values and double the nominal values were run (Fig. 12c) . The derived ages for craters D P 20 m increased by 22.1% and decreased by 24.2% for r Â 1/2 and r Â 2 respectively, and similarly for craters D = 4-20 m increased by 41.7% and decreased by 33.4%.
The model assumes that the different taxonomic types of fireballs distinguished from the larger Earth-entering meteoroids (Ceplecha et al., 1998; Popova et al., 2003) have the same fractional distribution at Mars. These types of fireballs differ in their ability to penetrate the atmosphere and therefore if the proposed fractions of projectiles are substantially different on average from that observed in the terrestrial atmosphere (Ceplecha et al., 1998) , the results will change. For example, a greater percentage of higher density objects will experience less deceleration and result in larger craters for a given population of projectiles. The smallest craters in the simulation, cm-scale, are formed exclusively by iron objects due to their high density (7800 kg m
À3
). Iron meteors however are a small fraction of the total population (3%). The majority of the objects are Ordinary Chondrites (29%), Carbonaceous Chondrites (33%), and Cometary Material (26%). None of the Soft Cometary Material objects, with a density of 270 kg m À3 , survive passage through the martian atmosphere. To demonstrate the sensitivity of the model results to different projectile compositions, we run the simulation assuming pure compositions of the three predominant types: Ordinary Chondrites, Carbonaceous Chondrites, and Cometary Material (Fig. 12d) . The Ordinary Chondrites, with a density greater than the average combined density, results in a factor >2 increase in age, while the Carbonaceous Chondrites produce a similar age reduced by only 8.8% for D = 4-20 m and increased by 7.1% for D P 20 m. A meteor population comprised entirely of Cometary Material results in substantially younger age estimates, 0.161 and 0.481 yr for the small and large diameters respectively, younger than the ages derived from either the MOC or CTX-CTX craters, with a slope that deviates from the isochron increasingly at smaller D. The crater counts from Zunil in Fig. 9c are shown in Fig. 12 for comparison, scaled to the 1 yr isochron, showing a slope consistent with a population of objects with average density similar to the nominal values assumed and inconsistent with a substantial fraction of icy, low-density impactors.
The crater scaling becomes increasingly sensitive to the target material properties as projectile diameters decrease with weaker material producing a larger crater for a given projectile. Details of the target properties, particularly the effective strength, may not be well constrained and can vary by location, feature, or geologic unit. has demonstrated how this can complicate geologic interpretation as surfaces of the same age, but differing material properties, may yield different ages. We explore the sensitivity of the model to a range of target properties. Fig. 12e shows the results for the same population of projectiles for four different targets from Holsapple (1993) and summarized in Table 2 . We take dry sand and the lunar regolith of Section 3.3 as reasonable weaker target materials and soft rock and hard rock for two targets with greater strength and density than our nominal Mars regolith. For the rock materials, l = 0.55, the higher value reflecting lower porosity and therefore less energy dissipation (Holsapple and Housen, 2007) . The hard rock gives an upper bound representative of competent, young basalt that lacks a substantial regolith cover.
The discrepancy in ages between resulting crater SFDs of the different target materials increases as much as a factor 3 for the dry sand and decreases by a factor of 2.4 for the hard rock. The stronger rock materials yield smaller craters and the corresponding decrease in estimated ages can results in SFDs that overlap with the observed CTX-CTX and MOC fresh craters (Fig. 12e ). For our model to be consistent with the SFD of the fresh craters, the majority of the craters would have to have formed in relatively strong, competent rock. Many of the craters are on Amazonian units in the Tharsis region which is dominated by Amazonian lava flows; however, the largest CTX crater, D = 33.8 m, formed on the southeast flank of Pavonis Mons on a relatively young Amazonian volcanic unit (Scott et al., 1998) . This crater is consistent with Hartmann (2005) which predicts an annual D $ 30 m diameter crater and its presence in the fresh crater population cannot be attributed to the crater having formed in weaker target material relative to the other fresh craters. It is tempting to dismiss the single crater as a statistical outlier. However, it is incorrect to interpret the ffiffiffi n p error bars in comparison to model isochrons as these error bars indicate the 1-r range of likely observations not models. That is, in an additional observation year, no new events of this size may occur; but the real flux of events of this size cannot be 0 given that a single event has been observed. Hence, models with low formation rates are unlikely given this observation (Aharonson, 2007) .
The scaling factor assumed by Hartmann (2005) for the ratio of meteoroids at the top of the martian atmosphere relative to the Moon, R bolide , is estimated to be 2.6 ± 0.7. Fig. 12f shows the resulting age estimates taking Hartmann's estimated range of uncertainty for R bolide of ±0.7. This translates into an approximately ±25% variation in estimated age.
If continued observations of fresh CTX-CTX craters verify that the current observed SFD is indeed an accurate reflection of the present-day impact crater population, then our model demonstrates that it is possible to constrain the fraction of impactor material types and average target material properties for Mars. For example, a population of impactors with average densities similar or higher than that observed for terrestrial fireballs could be ruled out as they are not consistent with the current CTX-CTX observations.
Discussion
The fact that the slopes of the Neukum et al. (2001) and Hartmann (2005) isochrons are similar to the isochrons derived in our study using the present-day annual flux of terrestrial fireballs implies that the isochron systems do not incorporate many unrecognized secondary craters at the locations we studied. This is quite unexpected considering McEwen et al. (2005) identify $10 7 secondary craters generated by the Zunil crater forming impact event at distances up to 3500 km away from the primary crater. This implies that small secondaries should be abundant on the martian surface. We specifically selected young surfaces to conduct counts that likely reflect a primary crater population so it is not surprising that our counts have similar slopes to our model. The isochron system for D > 250 m is derived from counts conducted on lunar maria with average ages of 3.5 Ga, surfaces that have had ample time to accumulate secondaries. The isochron models at small diameters are derived from young lunar surfaces, which possibly have not accumulated a substantial population of unrecognized distant secondaries. Perhaps secondaries dominate on older Ga surfaces at these small diameters, but are saturated, and therefore the contribution of secondaries to the SFD is not observable and thus not as relevant to isochron models. Contamination by secondary craters is very heterogeneous in time and space and therefore the reliability of derived ages may be difficult to determine. We have not attempted a systematic survey to identify a range of crater diameters and surface ages where secondaries are influencing the crater SFD, which is beyond the scope of this study. Nevertheless, the compelling evidence for the existence of large numbers of secondaries (McEwen et al., 2005) implies caution must be taken in using small craters to age-date surfaces as this remains an unresolved issue. However, we have demonstrated that small crater populations on young surfaces that are unlikely to be contaminated by secondaries contain useful information about surface ages.
Conclusions
Taking the size distribution of the observed annual flux of terrestrial fireballs, the nominal Mars/Moon ratio of 2.6 for Mars employed by Hartmann (2005) , and appropriate encounter velocity distributions for Mars and the Moon, we are able to generate crater populations with a remarkably similar SFD to that predicted by the isochrons of Hartmann (2005) for Mars and Neukum et al. (2001) for the Moon. Our Monte Carlo model generates a population of primary craters, implying that the isochrons do not contain a significant secondary crater signal in the range of crater diameters studied here since large numbers of secondaries would result in steeper isochron slopes and younger surface ages than predicted by our model. This further implies that the inflection from the shallow branch to the steep branch is not attributable to the addition of unidentified secondary craters. Crater counts conducted at Zunil and Pangboche on Mars and North Ray and Cone crater on the Moon yield SFDs with similar slopes as our model isochrons, and we derive similar ages as sample dating for the Moon demonstrating that the average cratering rate has been fairly constant on these bodies over these time periods.
We find that the details of the atmospheric model for Mars do not substantially alter the results. The Hartmann (2005) isochrons include an atmospheric model (Popova et al., 2003) , and differences between the lowlands and highlands do not result in significant deviations from the Hartmann isochron, nor do variations in assumed ablation coefficients. Fragmentation did not significantly alter the model results and smaller projectiles (D < 5 m) typically were decelerated enough to avoid fragmentation. The atmospheric downturn predicted by our model occurs at D $ 10-20 cm, corresponding to projectile masses roughly equivalent to the mass of the atmospheric column the objects are traversing. This is well below the downturn observed in the fresh craters detected by CTX at D = 4-5 m (Daubar et al., 2013) , which we suggest is likely due to CTX detection limits. Continued observation may potentially resolve this question.
